Fluorine substitution for oxygen in cation-disordered lithium-excess transition metal oxides (Li1+xTM1-xO2) used as lithium-ion cathodes was recently demonstrated to improve the reversibility of the processes taking place on charge and discharge by reducing the amount of oxygen loss on charge and preventing major structural rearrangements at high voltage. Yet, little is understood about how fluorine incorporates the oxide structure and impacts its electrochemical properties. Here, we use a combination of experimental (solid-state Nuclear Magnetic Resonance (NMR) spectroscopy) and theoretical techniques (density functional theory (DFT) calculations and Monte Carlo simulations) to investigate the evolution of the local structure around fluorine and lithium, and the oxidation state of redox-active nickel during charge and discharge of the Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15 (LNF15) cathode. We show that fluorine doping introduces short-range order in as-synthesized LNF15, by incorporating in lithium-rich sites with five or six lithium nearest-neighbors. We observe the emergence of new signals in the ex situ 19 F NMR spectra taken at high states of charge, which we tentatively assign to undercoordinated, diamagnetic fluorine environments seen in our computed models. Our theoretical results also suggest that octahedral nickel ions directly bonded to fluorine follow a different oxidation mechanism than those surrounded by six oxygens, 3
Introduction
The transition to renewable energy sources, the building of smart grids, and the electrification of transportation all rely on the development of high performance electrical energy storage technologies.
Rechargeable batteries are modular and scalable, and as such can meet the demands of a wide range of applications. Despite ongoing research into various types of secondary batteries (e.g Li-S, redox flow, Na-, Mg-and K-ion batteries, to name a few), the Li-ion technology still dominates the market. Further performance improvements in this space rely in part on finding Li-ion positive electrodes with a higher energy density. Among candidate materials, Li-excess transition metal (TM) oxides with general formula Li1+xTM1-xO2 are promising as they can deliver a high capacity at a high voltage, resulting in high energy density. It was recently demonstrated that, provided Li is more than 10% in excess (x > 0.1), Li1+xTM1-xO2 compounds need not be perfectly layered structures (with alternating Li and TMO2 layers within the rocksalt anion sublattice) but can instead exhibit a disordered cation lattice and still be percolating to Li + ions, greatly expanding the design space of potential transition metal oxide cathodes. 1, 2 Perhaps the main challenge faced by Li1+xTM1-xO2 materials is the stabilization of the cathode surface structure at high voltage. While Li1+xTM1-xO2 cathodes display a large first charge capacity with an electrochemical curve characterized by a long plateau at high voltage, the redox mechanisms and structural phenomena taking place close to the surface of the particles during this initial Li extraction process (charge)
are not fully reversible on subsequent Li reinsertion (discharge), leading to gradual performance degradation that is a severe obstacle to commercialization. 3 Specifically, redox phenomena involving O 2- anions have been found to result in the loss of oxygen from the cathode structure -e.g., for Li-Ni-Ti-Mo-O2 cathode materials, O2 gas evolution is observed from ~4.35 V on charge 4 -and profound structural rearrangements including TM migration and the formation of a densified layer at the surface of the cathode particles. [5] [6] [7] [8] Fluorination of cation-disordered Li1+xTM1-xO2 compounds was recently proposed as an effective way to reduce the amount of oxygen loss from the cathode compound on charge and to prevent irreversible structural changes at high voltage. For example, we recently showed that the cation-disordered Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15 (LNF15) cathode material can be synthesized via a standard solid-state synthesis route. 4 When compared to its oxide counterpart, Li1.15Ni0.375Ti0.375Mo0.1O2 (LN15), as-synthesized LNF15 contains more redox-active Ni 2+ (as a result of substitution of O 2-by lower valent F -), which leads to an increase in the TM redox reservoir and less oxygen oxidation on delithiation, so that a significant decrease in the amount of O2 and CO2 gas evolution is observed on charge to 4.6 V. As a result, LNF15
exhibits less polarization of its voltage curve, and a higher energy density and rate capability than LN15.
These performance improvements have been ascribed to more reversible redox and structural processes taking place on cycling. 4 However, little is understood about how F substitution takes place and how it impacts the electrochemical properties of the oxide on a mechanistic level. In this work, we use a combination of experimental and theoretical techniques to investigate the impact of fluorination on the local structure and electrochemistry of the LNF15 cathode.
We rely on ex situ 19 F and 7 Li solid-state Nuclear Magnetic Resonance (ssNMR) to investigate the F and Li environments in the as-synthesized material and in cathode samples collected at different stages of charge and discharge. As a local probe of structure, NMR is particularly well suited for the study of amorphous or highly disordered materials, such as pristine and partially delithiated cathodes. 9 However,
the presence of open-shell TM species in the material, here Ni 2+ and Ni 3+ formed on charge, leads to complex NMR spectra. The strong hyperfine (or paramagnetic) interaction between unpaired TM electrons and the nucleus under consideration results in large chemical shifts and broad resonances. The interpretation of the resulting spectra, composed of broad overlapping signals, can be greatly assisted by first principles calculations of NMR parameters. [10] [11] [12] [13] Whilst a number of NMR studies of paramagnetic Li-ion and Na-ion layered oxide cathodes have been able to make clear assignments of the Li and Na environments in the interlayer space and in the TMO2 layers, [14] [15] [16] [17] [18] [19] the investigation of paramagnetic disordered rocksalt oxides is complicated by the intrinsic disorder on the cation lattice, leading to a great variety of local environments with similar shifts. 4, 20 In these disordered structures, in addition to computed NMR shifts, an understanding of the distribution of local environments is crucial to interpret the NMR data. We obtain this distribution 5 from Monte Carlo (MC) simulations based on a cluster expansion (CE) Hamiltonian parametrized using density functional theory (DFT), which reveals the short-range ordering of the cations and the types of F and Li local environments present at different stages of delithiation. To the best of our knowledge, only one recent study has so far applied 7 Li NMR spectroscopy and MC simulations to investigate disorder in the asprepared Li[Ni1/3Mn1/3Co1/3]O2 cathode. 21 Our work is the first instance of a combined NMR and CE/MC simulation study of a cathode material in the pristine state and at different stages of charge, giving important insight into the impact of fluorine substitution on the local cation order and properties of the LNF15 cathode.
In this article, we first investigate short-range order resulting from the introduction of F in the oxide lattice using CE/MC simulations and 19 F NMR of as-synthesized LNF15. We then explore the behavior of this material upon (de)lithiation, focusing on the influence of fluorination on the Ni oxidation mechanism, as well as on changes in the F local environments during cycling. Finally, we discuss the impact of F substitution on the electrochemical properties of LNF15.
Methods

Cluster expansion and Monte Carlo simulations
Representative structures of the fully lithiated Li1.166Ni 2+ 0.333Ti0.5O1.833F0.166 material were obtained from Monte Carlo simulations based on a cluster expansion Hamiltonian. A cluster expansion parametrizes the internal energy of a system on a fixed lattice (here, dense rocksalt) across its configurational degrees of freedom using a sum of many-body interactions. 22 We constructed the cluster expansion using pair interactions up to 7.1 Å, triplet interactions up to 4.0 Å, and quadruplet interactions up to 4.0 Å based on a primitive rocksalt unit cell with lattice constant a = 3 Å, where the interactions are taken as an offset from a baseline of formal-charge electrostatics with a fitted dielectric constant. 23 To fit the strength of each interaction, we used an L1-regularized least-squares regression, with the regularization parameter chosen to minimize cross-validation errors. 24 The out-of-sample root-mean-square error resulting from this procedure was 11 meV per atom. The fitting data for this regression consisted of the internal energies of 1301
, and F -on a rocksalt lattice across the LiF-NiO-Li2TiO3 space, computed 6 with density functional theory (DFT) using the projector-augmented wave (PAW) method 25 as implemented in the Vienna Ab-Initio Simulation Package (VASP) 26 . For these calculations, we relied on the PBE exchange-correlation functional 27 with the rotationally-averaged Hubbard U correction as previously calibrated for oxide materials (U = 6.0 eV for Ni 28 ). All calculations were converged to 10 -6 eV on total energy and 0.02 eV/Å on interatomic forces using a reciprocal space discretization of 25 Å -1
.
The Li-vacancy configurations appearing upon delithiation of Li1.166Ni0.333Ti0.5O1.833F0.166 were obtained using a separate cluster expansion which takes into account Li-vacancy interactions, as well as the various oxidation states of Ni and O which appear on charge. Using the same interaction ranges as in the fullydense rocksalt case, this cluster expansion was fitted using the energies of small unit-cell Li-vacancy orderings enumerated using the SCAN meta-GGA exchange-correlation functional, 29 as this functional has been reported to accurately reproduce structure selection 30, 31 . 
In contrast to 7 Li, 19 F is a spin-1/2 nucleus with a non-zero diamagnetic shift contribution ( ) that can be of the same order of magnitude as the paramagnetic shift. The experimental 19 F shift is given by:
where , for octahedral F in LNF15, is taken to be equal to the isotropic shift of octahedral F in diamagnetic LiF (-204 ppm).
Paramagnetic interactions come in two forms: isotropic Fermi contact interactions and anisotropic electronnuclear dipolar couplings. Fermi contact interactions result in the delocalization of unpaired electron density from the transition metal d orbitals (here Ni) to the s orbital of the nucleus of interest (here 7 Li or 19 F), either through space or through bonds, giving rise to a Fermi contact shift ( ) proportional to the unpaired spin density at the nuclear position, as derived by Kim et al. 11 The nuclear spin density can be obtained from first principles CRYSTAL calculations, as discussed below. Anisotropic through-space electron-nuclear dipolar interactions are only partially averaged out by fast spinning of the sample at the magic angle (MAS) and contribute to the intensity of the sideband manifold. When the magnetic susceptibility tensor is anisotropic, through-space electron-nuclear couplings result in a small pseudocontact shift ( ). Previous studies on similar materials have found that the pseudo-contact term is negligible compared to the Fermi contact term, 9, 19 so that the overall paramagnetic shift is approximated here to the Fermi contact shift:
Hybrid DFT/HF calculations of paramagnetic NMR parameters
Spin-unrestricted hybrid DFT/HF calculations were performed on Li1.125Ni Electron-nuclear hyperfine NMR parameters were obtained in ferromagnetically-aligned cells (at 0 K), using a method identical to that described elsewhere. 11, 12 Briefly, the Fermi contact shift ( ) is computed from the spin density at the nuclear position and the electron-nuclear dipolar anisotropy (∆ ) is obtained from the principal components of the electron-nuclear dipolar tensor at the nucleus. Both and ∆ are subsequently scaled to values consistent with the room temperature paramagnetic state in which the experiments are performed by multiplication by the so-called magnetic scaling factor :
where 0 is the external magnetic field strength; eff , the effective magnetic moment per Ni site; B , Boltzmann's constant; , the electron g-factor; , the Bohr magneton; , the average spin per transition metal site; T, the temperature of the sample (assumed equal to 320 K to account for frictional heating caused by fast (60 kHz) rotation of the NMR rotor); and Θ , the Weiss constant obtained from magnetic susceptibility measurements on as-synthesized LNF15. Full details of the calculations, including the basis sets and numerical parameters, are presented in the Supplementary Information.
Reconstruction of the 19 F NMR spectra of pristine LNF15
The 19 F NMR spectrum of pristine LNF15 was reconstructed at 673 K, 973 K, 1273 K and in the infinite temperature limit (10 8 K) using the distribution of F environments determined from MC simulations on the model Li1.166Ni0.333Ti0.5O1.833F0.166 structure. The spectra were obtained in MATLAB by adding a series of normal probability distribution functions with position and width equivalent to the shifts and static (0 K) paramagnetic broadening of the signals corresponding to the various F environments in the structure, as determined from NMR calculations.
Magnetic susceptibility measurements
The field cooled (FC) and zero field cooled (ZFC) DC magnetic susceptibility of as-synthesized LNF15
and LN15 was recorded on a commercial magnetic property measurement system (MPMS), over the temperature range 2 to 390 K and under an external field of 1000 Oe.
Results
Short-range order in the pristine LNF15 cathode material
Fluorination is a widely-used strategy to improve the thermal and electrochemical stability of various components of secondary batteries. For instance, the introduction of highly electronegative F into organic solvents lowers the highest occupied molecular orbital (HOMO) level, leading to an increase in the oxidation potential. Hence, electrolytes with a high voltage stability are often prepared using a fluorinated electrolyte salt (e.g. LiPF6) and solvent (e.g. fluoroethylene carbonate or FEC). In addition, insulating fluorinated compounds are used as coatings and enhance the stability of cathode materials by inhibiting exothermic reactions between the cathode surface and the electrolyte on charge. On the other hand, F substitution for O in the bulk of layered transition metal oxides has proved extremely challenging, and previous reports have found that the LiF precursor is instead deposited as a thin layer at the surface of the oxide cathode particles. 39, 40 A recent theoretical study demonstrated that stoichiometric layered oxides (LiTMO2) are expected to be extremely difficult to fluorinate because of the high formation energy of TM-F bonds. Unlike layered LiTMO2 compounds, Li-excess layered or cation-disordered Li1+xTM1-xO2 materials contain metal-poor/Li-rich anion sites that enable small amounts of F to incorporate into the oxide structure. 41 LNF15 is a good example of this new class of cation-disordered rocksalt cathodes, with about 7.5 % of O replaced by F. 4 In this section, CE/MC simulations are combined with 19 F solid-state NMR to investigate short-range order in the as-synthesized LNF15 cathode by directly probing the F local environments. While solid-state NMR has been widely applied to study alkali environments (e.g. Li, Na) in paramagnetic transition metal oxide cathodes, it has seldom been used to investigate anion sites, partly because anions are directly bonded to the TM, resulting in very strong hyperfine interactions. For pure oxides, NMR-active 17 O has a low natural abundance (0.037%) and a large nuclear quadrupole moment that leads to very broad, low intensity signals that are difficult to interpret. A recent report on paramagnetic 17 O NMR of 17 O-enriched Li2MnO3 suggests, however, that this technique may be applied to a wider range of materials. 42 19 F is an ideal candidate for NMR spectroscopy, owing to its 100 % natural abundance and a nuclear spin I=1/2 (i.e. no quadrupolar interactions), meaning that anion sites can more easily be probed in transition metal oxyfluorides. 19 F NMR spectra obtained on LNF15 and LiF powders are shown in Figure 1a . The LiF spectrum is composed of a single resonance at -204 ppm corresponding to the unique diamagnetic F site in the structure. This signal is also present in the much broader spin echo spectrum obtained on the as-synthesized cathode powder, suggesting that LiF-like environments are present in the oxyfluoride. The isotropic projected-MATPASS 35 spectrum collected on LNF15 (in which spinning sidebands are suppressed, allowing direct determination of the chemical shifts) and shown with a grey shading is composed of broad, overlapping signals spanning a wide range of resonant frequencies. Hence, there are a number of additional F environments in LNF15, which confirms that F has integrated the bulk oxide lattice and is consistent with our previous study. 4 Both signal broadening and a shift of the resonant frequency away from -204 ppm are evidence for paramagnetic interactions between the F nuclei and unpaired Ni 2+ electrons in LNF15. A more detailed assignment of the 19 F spectrum obtained on as-synthesized LNF15 requires knowledge of the overall shift and linewidth of the F signals due to the various F environments in the cation-disordered cathode, as well as the relative population of these environments.
As mentioned in the methods section, the paramagnetic shift can be approximated by the Fermi contact shift (see eq. (3) (second metal shell) and P3 (third metal shell). Hence, if P1-, P2-and P3-type shift contributions are known, the total paramagnetic shift of a F site with an arbitrary number of Ni ions in its first, second and third metal shells can be reconstructed, helping the assignment of the experimental data. Individual Fermi contact shift contributions can be obtained from first principles using the 'spin-flipping' technique devised by
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Middlemiss et al. 12 For example, the shift contribution from a Ni directly bonded to F (P1-type contribution)
is obtained from the difference between the unpaired spin density at the F nucleus computed in a ferromagnetically-aligned cell (all Ni 'spin up'), and that computed in a cell where the spin of one Ni in P1
is flipped (all other spins are still 'spin up'). structures, respectively, sampled from Monte Carlo simulations utilizing the cluster expansions described here and in our previous report 41 . Two hybrid DFT functionals with 20% (H20) and 35% (H35) HartreeFock exchange were employed, as explained in the methods section, and the results are presented in Table   1 . Our calculations predict that each Ni in the first coordination shell around F adds a ca. 5500 ppm shift to the overall resonant frequency, whereas the shift contributions for Ni ions in the second and third metal shell are comprised between -28 and +22 ppm. Li-rich nearest-neighbor environments around F, consistent with the much larger formation energy of TM-F bonds, as compared to Li-F bonds. 41 The Ti-F interaction is similarly high in energy, reducing the population of Ti-F bonds. Correspondingly, we find that half of the F are 6-fold coordinated by Li, even within the F solubility limit, and less than half of the remaining F have any Ni in the P1 shell. These computed distributions, put together with the NMR parameters computed earlier, allow for an analysis of the F sites detected with 19 F NMR spectroscopy. Figure 3 are the reconstructed 19 F static NMR spectra, as obtained from the shifts and static paramagnetic broadening of the various F signals (from NMR calculations, see Tables 1 and 2 ) and from the distribution of F environments in the model Li1.166Ni0.333Ti0.5O1.833F0.166 structure at different temperatures (from MC simulations, see Figure 2 ). Further details on the reconstruction procedure are provided in the methods section. F static NMR spectra for pristine LNF15 at 673 K, 973 K, 1273 K and at infinite temperature (10 8 K). The spectra were reconstructed using the distribution of F environments in Li1.166Ni0.333Ti0.5O1.833F0.166 obtained from a large-cell MC simulation at the temperature of interest, the overall NMR shift computed for each F site in the structure, and the 0 K static paramagnetic broadening determined from first principles CRYSTAL calculations. NMR signals corresponding to F nuclei surrounded by zero, one, two or three nearest-neighbor Ni are depicted in red, green, purple and blue, respectively, and the resonant frequency corresponding to the maximum intensity of each signal is indicated on the spectra. A comparison of the experimental pj-MATPASS isotropic spectrum obtained on pristine LNF15 (synthesized at 700-750°C) and the reconstructed NMR spectrum at 973 K is shown in the shaded area.
Shown in
The total 19 F NMR shift, for each F site present in the material, was obtained by summing over the diamagnetic and paramagnetic shift contributions (see eq. (2) and details in the methods section). The former was taken to be equal to the isotropic shift of octahedral F in diamagnetic LiF (-204 ppm), while the latter was computed by summing over all individual paramagnetic shift contributions from Ni ions in P1, P2 and P3 positions around the F nucleus under consideration. Since the F site distribution at 973 K is most representative of the actual distribution of F environments in LNF15 synthesized between 700 and 750°C, the 973 K static spectrum is compared to the experimental pj-MATPASS isotropic spectrum obtained on pristine LNF15 in Figure 3 . We find that the experimental 19 F NMR signals lie within the frequency range expected for F sites with no Ni in P1. The overall experimental lineshape is a lot sharper than the static signal expected for the collection of F environments with no nearest-neighbor Ni in the material, likely because of partial averaging of the anisotropic electron-nuclear interactions in the experimental sample as a result of 1) fast (60 kHz) spinning of the sample at the magic angle and 2) atomic motion at the experimental temperature (ca. 320 K). Although multiple NMR measurements were carried out at various excitation frequencies, from -4000 ppm to 10000 ppm in steps of 2000 ppm, no signal was observed in the 5000 to 10000 ppm range, where signals from F nuclei with one and two Ni nearest-neighbors are expected.
Our MC simulations indicate, however, that there should be a significant number of F nuclei with at least one Ni in P1 at 973 K (see Figure 2) . These results suggest that the resonances of F nuclei surrounded by at least one nearest-neighbor Ni are too broad to be observed and are lost in the background noise. Hence, our 19 F NMR data cannot be used to quantify the amount of F incorporated in the lattice of LNF15.
Overall, MC simulations on the model Li1.166Ni0.333Ti0.5O1.833F0.166 structure suggest that there is a drive for short-range ordering around the F nuclei incorporated in the bulk LNF15 structure at the synthesis temperature (ca. 973 K). 
Electrochemical properties and local environments formed on Li (de)intercalation
Having established a model of as-synthesized LNF15, a key question to address is how fluorine incorporation in this material affects the electrochemical behavior. We begin this analysis using first- than by Li-vacancy interactions, which is reasonable given the significantly higher voltage at the beginning of charge in this Ni-based system, as compared to that in disordered rocksalt cathodes based on other transition metals. 1, 20, 43, 44 The agreement between the computed and scaled experimental voltage curve lends 4, 8 We note that even upon further delithiation beyond 4.6 V, the probability of observing Ni 4+ among all Ni in the structure never exceeds 60%, in agreement with previously reported x-ray absorption spectroscopy (XAS) results indicating that, in these disordered rocksalt cathodes, Ni is never fully oxidized to Ni 4+ .
To understand the possible impact of F substitution on the mechanism of Ni oxidation, we further examine the probability of observing Ni 3+ and Ni 4+ at a given voltage: 1) at Ni sites featuring at least one Ni-F bond (the 'F-Ni' dashed red line in Figure 4b ), and 2) at Ni sites coordinated only by oxygen (the '6O-Ni' dotted blue line in Figure 4b ). Among '6O-Ni' sites, the probability of observing Ni 3+ remains very low at all voltages, with a sharply increasing probability of Ni 4+ formation starting at 3.8 V. Conversely, among 'F-Ni' sites, the probability of observing Ni 4+ is suppressed at lower voltages and replaced by an increase in the probability of Ni 3+ formation starting at 3.8 V. The probability of Ni 4+ formation among both fluorinated and non-fluorinated Ni sites converges above 4.3 V, but the population of Ni 3+ remains elevated among fluorinated Ni sites over that of purely oxygen-coordinated Ni environments. These data suggest that fluorination promotes the formation of Ni 3+ during Ni oxidation, changing the oxidation mechanism from direct Ni 2+ -> Ni 4+ oxidation in the pure oxide case, to Ni 2+ -> Ni 3+ -> Ni 4+ in the oxyfluoride case.
Equivalently, fluorination appears to suppress the 2Ni 3+ -> Ni 2+ + Ni 4+ disproportionation reaction, which has been previously reported at low-temperature in Ni 3+ -containing oxides both computationally and experimentally.
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Figure 5. Distribution of F environments in the disordered-rocksalt Li1.166-xNi0.333Ti0.5O1.833F0.166 system as a function of voltage. (a) F environments are classified according to their coordination number in the upper panel, and according to their average cation-F-cation bond angle in the lower panel. For a given type of F environments, the median voltage at which it is observed is indicated with a red line, the full voltage range over which it is present is depicted with a black line, and the region delimited by the 25% and 75% quartiles of that voltage range is enclosed in a black box. Representative six-, five-, four-and three-coordinate F environments are depicted in (b). All F sites sampled here are obtained from the fully relaxed structures used to compute the voltage curve shown in Figure 4a .
Finally, Figure 5 shows the distribution of F local environments present in the delithiated As discussed in the previous section, the broad signals around -160 to -190 ppm are due to F nuclei in the bulk LNF15 lattice with no nearest-neighbor Ni. Although Ni is oxidized on charge, these broad signals do not change significantly up to 4.6 V. Several new signals appear on cycling and are highlighted in orange, blue and green in the spectra.
Based on previous 19 F NMR studies of the SEI layer formed at the surface of transition metal oxide cathodes, the orange peaks at -72 and -84 ppm are assigned to F in the PF6 -electrolyte salt and its decomposition products formed on charge, respectively. [48] [49] [50] On the other hand, the signals at 42 and 57 ppm (in blue), and at -144 ppm (in green) do not match any F signal reported for typical SEI phases. These signals are only present at high voltage and indicate the formation of new F environments either at the surface or in the bulk of the particles. 19 F pj-MATPASS isotropic spectra collected on the 4.6 V charge sample before and after air exposure, compared in Figure S2 in the Supporting Information, reveal that the broad signals at 42 and 57 ppm disappear after a few minutes of exposure to ambient air and moisture and are replaced by a sharp environment at 177 ppm, while the sharp green signal at -144 ppm remains unaffected. Furthermore, the 19 F spin echo spectrum presented in Figure S3 in the Supporting Information reveals that this signal is sharp, suggesting that the F nuclei are in diamagnetic local environments, but with an extended sideband pattern, which presumably results from long-range hyperfine dipolar interactions with the remaining Ni 3+ ions at 4.6 V. The -144 ppm resonant frequency is in the range of shifts of C=CF groups (typically between -100 and -150 ppm) and of -CH2F groups (e.g. CF2H2 resonates at -143 ppm), which lead us to investigate the possibility of forming surface F as a result of fluorination of the EC and DMC electrolyte solvents at high voltage. Monofluorination of EC leads to fluoroethylene carbonate (FEC) with a reported 19 F shift of -123 to -125 ppm 50, 51 not observed in any of the spectra collected on the charged samples. Takehara et al. 52 found that the largest product of direct fluorination of DMC is monofluorinated 24 DMC (MFDMC, 90 % product) with a CH2F group but with a 19 F shift at -158 ppm, also absent from our spectra. A broad 19 F NMR signal at -145 ppm was reported by Dupré et al. 51 in an aging study of Si-based anodes. The authors suggested that the -145 ppm signal appearing after one day of exposure of the Si electrodes to the electrolyte (1 M LiPF6 in EC and diethyl carbonate (DEC) with 10 wt% of FEC additive)
at 55°C might correspond to a lithiated decomposition product of the FEC additive. This scenario is unlikely in the present work. First because electrolyte decomposition mechanisms taking place upon contact with positive and negative electrodes, and on electrochemical cycling vs. aging, are very different. Second because there is no evidence for the formation of FEC in our cycled samples and our -144 ppm signal is a lot sharper than the broad signal reported previously. We also note that differential electrochemical mass spectrometry (DEMS) measurements on the LNF15 electrode did not detect the formation of F2 gas on cycling 4 and no F2 gas signal was observed at -154 ppm 49 in the 19 F NMR data. These results suggest that electrolyte degradation pathways inducing F2/HF gas formation (e.g. as in the hydrolysis of LiPF6 49 ) are minor in the electrochemical cell. Overall, there is no evidence supporting the assignment of the -144 ppm peak to surface F species, and the fact that the -144 ppm signal is stable in air but disappears at low potentials suggests that it may correspond to a bulk F environment. Hence, we proceed to investigate the reversible formation of diamagnetic F environments in the bulk of the LNF15 material on charge.
Both Ni L-edge soft X-ray absorption spectroscopy data on LNF15 presented in a previous study by Lee et al. 4 F signal appears at 4.4 V on charge (see Figure 6 ), i.e. in the voltage range where most Ni ions directly bonded to F are expected to be oxidized (see Figure 4b ) and where F species are mostly four-coordinate octahedral and tetrahedral ( Figure 5) . Note however that the change in Ni oxidation behavior we observe in our computational model is not due to any Ni migration and associated changes in the Ni crystal field during delithiation. Supplementary Figure S5 shows the distribution of Ni coordination number across the voltage curve, illustrating that Ni predominantly retains its 6-fold octahedral coordination throughout delithiation, up to some local distortion. While we do observe rare formation of tetrahedral Ni in pure oxide environments, the population of these Ni centers is far too low to account for our observations. To summarize, on the one hand, F doping leads to more redox-active Ni 2+ in the pristine LNF15
cathode, which in turn increases the Ni-based redox capacity and reduces both the amount O that participates in the charge compensation mechanisms and the amount of O loss on charge. 4 In the present paper, we show that F -anions directly bonded to Ni (F in F-Ni environments) change the Ni redox mechanism from Ni 2+ →Ni 4+ to Ni 2+ →Ni 3+ →Ni 4+ , effectively increasing the useable Ni redox capacity. In addition, by lowering the average anion charge in the compound, F doping is an efficient way of introducing low-valent Li excess in the material without the need for high-valent metal charge compensators. 53 On the other hand, the presence of undercoordinated F at high voltage (F in FLi6 environments) leads to Li gettering, as was recently studied in great detail by Kitchaev et al. 53 This study showed that 0.4-0.8 Li per F in Li-Mn-V-O-F rocksalt cathodes is inaccessible at moderate voltages because of strong Li-F binding.
We expect that a similar fraction of Li will be inaccessible in our LNF15 cathode. This work and previous studies clearly indicate that F substitution for O has both benefits and drawbacks in terms of electrochemical performance, and the design of high-performance oxyfluoride rocksalt cathodes requires careful optimization of the amount of F, Li and redox-active metal species in the material. The present study also demonstrates that F-Ni and FLi6 F environments have very different effects on the properties of the LNF15 cathode, suggesting that the relative proportion of the different F local environments in the cathode is yet another important aspect to consider.
Conclusion
In this work, we demonstrated that a combination of Monte Carlo simulations, density functional theory (DFT) calculations and solid-state Nuclear Magnetic Resonance (NMR) can provide tremendous insight into the impact of fluorination on the short-range order in the Li-excess cation-disordered 
